Angle-resolved photoemission reveals that the electron-phonon coupling ͑EPC͒ around the circular Fermi contour of the Be͑0001͒ ⌫ surface state is strongly anisotropic. The mass enhancement parameter is found to range from values of ϳ1, along high-symmetry directions, to ϳ0.6 in between in stark contrast to the theoretical calculations. Given the simplicity of this system it furnishes an ideal prototype for unraveling the origin of anisotropic EPC in two-dimensional materials. DOI: 10.1103/PhysRevB.80.241416 PACS number͑s͒: 71.38.Cn, 73.20.At, 79.60.Bm One of the grand challenges in material science is to understand the remarkable properties emerging from complex correlations and to control these properties for technological applications. In the family of correlated electron materials ͑CEMs͒ the complexity is intimately related to the coexistence of competing nearly degenerate states, which couple simultaneously active degrees of freedom-charge, lattice, orbital, and spin. Electron-boson coupling ͑EBC͒, of which electron-phonon coupling ͑EPC͒ is a special case, is driving functionalities such as high-T c superconductivity and "colossal" magnetoresistance. 1 The possibility of anisotropic EBC is crucially important for these phenomena. The quantity of interest is not the average EBC strength but its precise dependence on direction and the Fermi wave vector k ៝ F . However, at this point little is known about the potentially anisotropic character of manybody interactions in complex materials. This is partly because of the fact that different interactions are simultaneously present, making it difficult to disentangle them, and partly because the Fermi surfaces are already anisotropic. The experiments cannot disentangle the effects from different bosonic modes so understanding of EBC has relied upon theory to determine the magnitude and directional dependence of EPC. Density-functional theory ͑DFT͒ is considered as the "standard model" to compute EPC and phonon dispersions. But a recent theoretical paper has questioned the validity of DFT when calculating EPC in two-dimensional ͑2D͒ systems: "failure of local-density approximation and generalized gradient approximation DFT functionals in graphene and graphite." 2 A failure of DFT in reduced dimensional systems would have dramatic implications on our understanding of CEMs.
One of the grand challenges in material science is to understand the remarkable properties emerging from complex correlations and to control these properties for technological applications. In the family of correlated electron materials ͑CEMs͒ the complexity is intimately related to the coexistence of competing nearly degenerate states, which couple simultaneously active degrees of freedom-charge, lattice, orbital, and spin. Electron-boson coupling ͑EBC͒, of which electron-phonon coupling ͑EPC͒ is a special case, is driving functionalities such as high-T c superconductivity and "colossal" magnetoresistance. 1 The possibility of anisotropic EBC is crucially important for these phenomena. The quantity of interest is not the average EBC strength but its precise dependence on direction and the Fermi wave vector k ៝ F . However, at this point little is known about the potentially anisotropic character of manybody interactions in complex materials. This is partly because of the fact that different interactions are simultaneously present, making it difficult to disentangle them, and partly because the Fermi surfaces are already anisotropic. The experiments cannot disentangle the effects from different bosonic modes so understanding of EBC has relied upon theory to determine the magnitude and directional dependence of EPC. Density-functional theory ͑DFT͒ is considered as the "standard model" to compute EPC and phonon dispersions. But a recent theoretical paper has questioned the validity of DFT when calculating EPC in two-dimensional ͑2D͒ systems: "failure of local-density approximation and generalized gradient approximation DFT functionals in graphene and graphite." 2 A failure of DFT in reduced dimensional systems would have dramatic implications on our understanding of CEMs.
What is called for is a system with a much simpler electronic structure and only one type of bosonic excitation. Here, we report on such a system, the quasi-two-dimensional surface state on the Be͑0001͒ where anisotropic EPC exists even for a circular Fermi contour. This system can serve as an ideal test case for theory. In contrast to what is reported for graphene and graphite, 2 ab initio DFT calculations for Be surfaces reproduce both the measured geometric and electronic structures 3 as well as the surface phonon dispersion. 4 At the present time, DFT calculations for the EPC on Be͑0001͒ do not reproduce the measurements. 5 There seems to be a problem theoretically when the surface states become more localized at the surface, i.e., 2D in character.
Using beryllium surface states as a test system has a number of advantages. The first is the electronic simplicity of Be, which permits an accurate description of the electronic, 6 structural, and dynamic 4, 7 properties by DFT. The second advantage is the strong EPC ͓range from 0.7 to 1.18 ͑Refs. 8-12͔͒ and high phonon energies ͑up to ϳ85 meV͒, 7 due to strong bonding in beryllium and the small atomic mass. Consequently, the effect of the EPC can be observed over a wide energy range, relaxing the requirements on the experimental energy resolution. Closely related to this is the high Debye temperature of beryllium, which means that the data can be interpreted as if they were taken at T = 0 K to a good approximation, even if the actual experiment was not performed at a very low temperatures. Finally, the ͑0001͒ surface of beryllium supports a simple free-electron-like surface state which is centered on the zone center ⌫ and has a Fermi contour that is circular within ϳ1% ͑Ref. 13͒ with a Fermi wave vector length of ϳ0.94 Å −1 . Given these favorable conditions, it is not surprising that the nature of EPC for this surface state has been investigated experimentally [8] [9] [10] [11] [12] and theoretically. 14 But the state of affairs with respect to the strength of the EPC is somewhat inconclusive. Early angle-resolved photoemission spectroscopy ͑ARPES͒ measurements near the Fermi level indicated anomalously large EPC. 10 However, subsequent reports have significantly widened the range of experimental values ͑de-fined as = m ef f / m 0 −1͒ by almost a factor of 2, spanning the range from 0.7 to 1.18. [8] [9] [10] [11] [12] The original DFT calculation reported a value of in the middle of this range, 14 but subsequent calculations by this group now show that = 0.44, which is out of the experimental reported range. 5 In this Rapid Communication, we resolve this inconsistency in the published experimental results for the mass enhancement factors, explaining the differences as due to the anisotropic EPC ͑reported measurements in different directions͒ or to surface contamination. What is obviously needed is a reevaluation of theoretical procedures for the calculation of EPC.
There are at least three possible explanations for the inconsistency in the published values of : ͑1͒ is anisotropic in k space ͑the reported 's were measured at inequivalent points on the Fermi contour͒, ͑2͒ the deviations in reported 's are caused by the different methods used to extract it from the data, and ͑3͒ the quality of the data may affect the extracted value of . In the following we show that the EPC associated with the ⌫ surface state on Be͑0001͒ is, in fact, anisotropic. We also illustrate how the resulting value of can be influenced by the method used to extract it and we finally argue that oxygen contamination is a likely reason for one of the observed low values.
ARPES experiments were performed at the SGM-3 beamline of the synchrotron radiation source ASTRID in Aarhus, Denmark. 15 The total-energy resolution was set to ϳ15-20 meV, the angular resolution of the analyzer was 0.2°, and the photon energy was 16 eV. The sample was cooled to approximately 70 K. The surface was cleaned by standard methods. 13 In the final stages of cleaning oxygen contamination ͑the main contaminant͒ was monitored via the Be 1s core-level peak and the valence band. A very small amount of oxygen could always be detected in the valence band but it was confirmed not to influence the results presented here. At significantly higher levels of oxygen contamination, we have observed a diminished EPC strength in the valence band. The orientation of the sample was determined by low-energy electron diffraction and Fermi-surface mapping at 60 eV photon energy.
The upper part of Fig. 1͑a͒ shows the photoemission intensity at the Fermi energy together with a sketch of the surface Brillouin zone and the expected Fermi contours ͑black dashed half circle and ellipses͒. There are two surface states crossing the Fermi energy. One is centered at ⌫ and gives rise to a circular Fermi contour with a radius of about 0.94 Å −1 ͑the ⌫ state in the following͒. The other is centered at M and gives rise to an elliptic Fermi contour. Highresolution data for the ⌫ state were taken at a photon energy of 16 eV for different points on the circular Fermi contour. The present experimental arrangement does not allow for the rotation of the sample around the surface normal such that it was not possible to measure radial cuts through every point on the Fermi surface. Instead, we have taken data along the 14 cuts shown in the lower part of Fig. 1͑a͒ . The cuts become more nonradial as the angle away from the ⌫ -M direction increases. In the following, we determine the dispersion and the EPC strength based on these cuts, ignoring their nonradial nature. Using simulated spectral functions for different possible scenarios of coupling strength and anisotropy, we have established that this leads only to very minor changes in the resulting , on the order of 0.01, which is negligible compared to the other uncertainties. We have also confirmed this by taking data for many nonradial cuts with 0.1°/ step, covering the same region as shown in Fig. 1͑a͒ . This permits us to construct a three-dimensional data set through which radial cuts can be laid. The results from this method are very similar but they suffer from poor statistics because of the smaller time available per scan. Dispersion curves along the different cuts were determined by fitting the peak positions of the momentum distribution curves ͑MDCs͒ with Lorentz function. The result is shown in Fig. 1͑b͒ . Each curve displays a "kinklike" behavior, which is the signature of EPC renormalization of the bare particle dispersion. 6, [8] [9] [10] [11] [12] 14, [16] [17] [18] [19] [20] [21] [22] A qualitative examination of Fig. 1͑b͒ indicates that the kink positions in all the dispersion curves occur at about the same energy, ϳ60 meV, agreeing with the results in the literature. [8] [9] [10] [11] [12] For a more detailed analysis, the complex self-energy ⌺ associated with the EPC has to be extracted from the experimental data. The real part of the self-energy, Re ⌺, is given by the renormalization of the band, i.e., by the deviation of the actual dispersion from the so-called bare particle dispersion, which would be observed in the absence of EPC. 22 We assume that the bare dispersion has a simple quadratic shape. The imaginary part of the self-energy, Im ⌺, can be obtained from the Lorentz linewidth of the MDCs. Furthermore, Re ⌺ and Im ⌺ are related by a Kramers-Kronig transformation. We use this relation here in order to find the bare dispersion: the bare dispersion is obtained from a fit to the data at high binding energies and at the Fermi level ͑i.e., in regions where Re ⌺ is small͒, with the boundary condition that the resulting Re ⌺ must be consistent with Im ⌺. 23 The final Re ⌺ for the 14 cuts are shown in Fig. 2 . Substantial differences are seen between these curves; some are broader than the others ͑such as cut 7 compared to cut 5͒ and different fine structure appears to be present despite the high noise level. This already indicates that the details of the EPC are not isotropic around the circular Fermi contour.
The next step of the analysis is to extract the mass enhancement factor from the self-energy. As a consistency check, and in order to evaluate the influence of the chosen approach on the result, we try three different methods.
͑1͒ The most straightforward procedure is to determine from the slope of Re ⌺ at the Fermi energy. This slope method is based on the basic relationship between the mass enhancement factor and Re ⌺: = ‫ץ‬ Re ⌺͑ , T͒ / ‫ץ‬ ͉ =E F ;T=0 . However, since this method strictly requires taking the derivative at zero energy and zero temperature, great care needs to be used when applying it. First, the measured dispersion near Fermi energy can be distorted due to the finite energy resolution and this may affect the resulting Re ⌺ and .
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Second, the finite temperature will reduce the slope of Re ⌺ near Fermi energy, 14 leading to a systematic underestimate of . In the present case of Be͑0001͒, neither restriction poses a severe problem because of the relatively high resolution and low temperature, compared to the Debye temperature of ϳ1000 K. Hence, the slope method provides a simple and valuable test here.
͑2͒ The most fundamental function for the description of the EPC is the Eliashberg coupling function ␣ 2 F͑͒, which is related to the phonon density of states and the coupling strength. 21, 22, 24 All other quantities of interest, including ⌺ and , can be derived from ␣ 2 F͑͒. A common approach to determine is to assume a simple model for ␣ 2 F͑͒, calculate Re ⌺, and compare it to the experimental result. In such a procedure has the role of a fitting parameter. More precisely, one calculates
where f͑͒ is the Fermi-Dirac distribution function. For ␣ 2 F͑͒ one commonly uses a two-or three-dimensional Einstein or Debye model. Here, we use a two-dimensional Debye model, for which ␣ 2 F͑͒ = ͑ / 2 D ͒, where D is the Debye frequency of the phonon mode that couples to the electrons. The shortcomings of this approach are the fact that the model for ␣ 2 F͑͒ is largely arbitrary and, closely related, that essential model parameters such as the Debye or Einstein temperatures are unknown. In the following, this method of obtaining is referred to as the Debye method.
͑3͒ The Eliashberg function can also be extracted directly from the measured Re ⌺ by an integral inversion using the maximum entropy method ͑MEM͒. 21 Once the Eliashberg function is extracted, the mass enhancement factor can be deduced from 21, 22, 24 
where max is the top of the phonon bands. Figure 3 shows the resulting mass enhancement factors extracted from the data presented in Fig. 2 using the MEM ͑solid squares͒, slope method ͑solid triangles͒, and Debye method ͑crosses͒. The dashed line is a guide to the eye for the MEM results. The results of all three models show that the mass enhancement is anisotropic in k space and even the absolute differences between the methods are mostly small. The mass enhancement factor has a global maximum in the ⌫ -M direction ͑ϳ1.1 from MEM͒ and a local maximum in the ⌫ -K direction ͑ϳ0.9 from MEM͒. The minimum lambda value appears ϳ10°away from the ⌫ -K direction ͑ϳ0.6 from MEM͒. The values extracted using the Debye model are, on average, ϳ0.1 larger than the values obtained from MEM. The values from the slope method are similar to the values from MEM.
The most important result of Fig. 3 is that the EPC is indeed anisotropic. While a different choice of extraction method can have an influence on the resulting in a given direction, the application of any method on the entire data set gives qualitatively the same anisotropy. Note, however, that the aforementioned restrictions for the slope method and the approach using a Debye model still apply and we believe the MEM result to be the most reliable, also in general.
A fundamental drawback when using a simple Debye or Einstein model for ␣ 2 F͑͒ is that it cannot capture the complexity of ␣ 2 F͑͒, leading to uncertainties in the determination of . This is illustrated in Fig. 4 which shows the experimental Re ⌺ and models for the 14th cut, where a noticeable difference exists between deduced from the slope method, the MEM approach, and the Debye model ͑see Fig. 3͒ . The experimental Re ⌺ contains at least two major peaks: one in the 40-50 meV range and the other at ϳ70 meV, but Re ⌺ in a Debye model has only a single maximum. An optimized fit of the whole curve with a single Debye frequency requires a Debye frequency higher than the dominant low-energy mode in the data. The unavoidable consequence is a reduction in the slope of the fitted Re ⌺ at the Fermi energy and thus of the value evaluated from this method.
The MEM procedure, on the other hand, is constructed such that it can fit the whole Re ⌺ curve, as seen in Fig. 4 . In particular, it always results in a good fit for the important low-energy region, even in case of complicated structure in ␣ 2 F͑͒ at higher energies. In the present case, one might get the impression that the MEM approach is just a more sophisticated version of the slope method, but this is incorrect: the MEM approach to determining is not restricted to low temperatures ͑compared to the Debye temperature͒ because it determines the ͑temperature-independent͒ Eliashberg function rather than the ͑temperature-dependent͒ self-energy. Indeed, is extracted using Eq. ͑2͒, which is independent of the temperature. Ideally, one would like to determine fine structure in the Eliashberg function in order to infer which particular phonon modes are involved in the EPC on a specific point of the Fermi contour. Unfortunately, the signal to noise ratio in our experiment is too low for a reliable determination of such a fine structure. The mass enhancement, on the other hand, is very robust against the noise.
Finally, we compare our results with the published EPC strength for different points on the Fermi surface. The previously reported values of are included in Fig. 3 11 that no significant differences could be observed between the ⌫ -M and the ⌫ -K directions, indicating that should be similar in both directions, consistent with our findings.
In conclusion, our work shows that electron-boson coupling can be anisotropic even in a simple two-dimensional system with a circular Fermi surface. The anisotropy could originate from the anisotropic nature of phonon dispersion and/or other electronic states ͑M state or bulk states͒, which serve as final state of the EPC. The explanation must come from the details of the matrix element coupling 24, 25 in k and q. 25 So far there is no theoretical guidance of the nature of this coupling at the surface of Be. These data are an ideal test for various theoretical schemes. 2 The next step would be a comparison of the momentum-dependent Eliashberg functions. Experimentally, data with considerably better statistics would permit the extraction of the momentum-dependent Eliashberg function. 
